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Abbreviations  
AD   Axial Diffusivity 
ADHD   Attention Deficit Hyperactivity Disorder 
ARBD   Alcohol-Related Birth Defects 
ARND   Alcohol-Related Neurodevelopmental Disorders 
BOLD   Blood-oxygen Level Dependent 
CNS   Central Nervous System 
CT   Computed Tomography 
DMN   Default Mode Network 
DTI   Diffusion Tensor Imaging 
FA   Fractional Anisotropy 
FAS   Fetal Alcohol Syndrome 
FASD   Fetal Alcohol Spectrum Disorders 
GD   Gestational Day 
ILF  Inferior Longitudinal Fasciculus 
MD   Mean Diffusivity 
MRI   Magnetic Resonance Imaging 
PAE   Prenatal Alcohol Exposure 
PET   Positron Emission Tomography 
PFAS  Partial FAS 
RD   Radial Diffusivity 
SES   Socioeconomic status 
SLF  Superior Longitudinal Fasciculus 
SPECT  Single Photon Emission Tomography 
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Abstract 
Fetal Alcohol Spectrum Disorders encompass a wide range of birth defects in children 
born to mothers who consumed alcohol during pregnancy. Typical mental impairments 
in FASD include difficulties in life adaptation and learning and memory, deficits in 
attention, visuospatial skills, language and speech disabilities, mood disorders and 
motor disabilities. Multimodal imaging methods have enabled in vivo studies of the 
teratogenic effects of alcohol on the central nervous system, giving more insight into the 
FASD phenotype. This paper offers an up-to-date comprehensive review of radiological 
findings in the central nervous system in studies of prenatal alcohol exposure in both 
humans and translational animal models, including Magnetic Resonance Imaging, 
Computed Tomography, Positron Emission Tomography, Single Photon Emission 
Tomography and Ultrasonography. 
Key words: FASD, radiology, humans, animals, prenatal alcohol exposure  
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1 Introduction to FASD 
The effect of maternal alcohol consumption on fetal development was first described in 
1968 and the term Fetal Alcohol Syndrome (FAS) was first used in 1973 to describe the 
adverse effects observed in children born to alcoholic mothers [1]. FAS was defined by 
four criteria: (1) prenatal alcohol exposure (PAE), (2) growth retardation, (3) facial 
abnormalities and (4) central nervous system (CNS) deficits with or without structural 
brain anomalies [2]. Distinct craniofacial characteristics of FAS include smaller head 
size, lower nasal bridge, minor ear abnormalities, flattened philtrum, epicanthal folds, 
short palpebral fissure, flat midface, short nose, and thinner upper lip [3] (Fig.1). FAS is 
the most severe manifestation of a wider spectrum of disorders, termed Fetal Alcohol 
Spectrum Disorders (FASD). FASD includes less severe subtypes called partial FAS 
(PFAS), Alcohol Related Birth Defects (ARBD) and Alcohol Related Neurodevelopmental 
Disorders (ARND) [4]. PFAS refers to individuals who exhibit at least two of the three 
key facial anomalies: flattened philtrum, short palpebral fissure and thin upper lip; and 
one of the following: small head circumference, growth retardation, or neurobehavioral 
impairments. ARBD refers to individuals with a history of PAE and congenital physical 
anomalies. ARND, the most common subtype in the spectrum [5], refers to individuals 
with PAE-induced CNS abnormalities without facial anomalies [6-8]. FAS/PFAS is called 
dysmorphic FASD condition while ARND non-dysmorphic FASD condition [9]. There is a 
wide range in the reported prevalence of these disorders, including 55.42 (per 1000) 
for FAS, 20.25 for ARND and 113.22 for FASD in South Africa, and 1.33, 9.07 and up to 
47.13 respectively in the United States [10].  
Children with heavy PAE typically have lower birth-weight than normal and 
demonstrate low weight during development into adolescence and adulthood [11;12], 
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while those intermediately exposed may show a growth catchup during development 
[12]. The weight of individuals with FASD is also disproportionately low compared to 
their height [11].  
Cardiac, skeletal, renal, ocular, or auditory anomalies have also been described in 
individuals with ARBD [7]. Clinical examinations and radiography have identified 
skeletal defects in a group of children diagnosed with FAS, including bilateral and 
unilateral fusion of the capitae and hamate bones in the carpus and bilateral radio-ulnar 
fusion at the proximal end (Fig.2) [13]. 
Neurodevelopmental and neurobehavioral abnormalities in FASD 
CNS dysfunction in individuals with FASD is manifested through mild to severe 
cognitive deficiencies and neurobehavioral disorders [8]. Typical neurobehavioral and 
neuropsychological deficiencies include attention deficit and hyperactivity disorder 
(ADHD), difficulties in life adaptation, difficulties in learning and memory, deficits in 
visuospatial skills, language and speech disabilities, mood disorders and motor 
disabilities [14]. 
Early studies relied on postmortem examinations which revealed dysmorphic brain 
macrostructures, such as cortical and cerebellar heterotopias, smaller and hypoplastic 
cerebellum, absence of pons and poorly formed medulla [15]. However, with the advent 
of modern radiological imaging techniques, non-invasive studies of brain abnormalities 
are now possible and serial imaging can be used to monitor development. The most 
common modalities used to study FASD are Magnetic Resonance (MR)-based imaging, 
including structural MR Imaging (sMRI), Magnetic Resonance Spectroscopy (MRS), 
functional MRI (fMRI) and Diffusion Tensor Imaging (DTI). Less commonly used are 
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Computed Tomography (CT), Ultrasonography, Positron Emission Tomography (PET) 
and Single Photon Emission Tomography (SPECT). Although functional imaging like 
fMRI, PET and SPECT are advantageous in that they can reveal functional changes when 
gross structural changes are absent or not detectable, only few studies have utilized 
PET and SPECT due to their high cost, difficulties in experimental setup and dependence 
on the availability of the radiotracers [16]. This paper aims to comprehensively review 
the methodologies and findings of radiological studies in both humans with FASD and 
translational animal models of PAE.  
2 Radiological studies of humans with FASD 
A large number of imaging studies have been performed in humans with FASD over the 
past few decades reporting a wide range of PAE-induced outcomes, which will be 
discussed in the following sections. 
2.1 Detection of brain structural changes using structural MRI  
Structural MRI (sMRI) is the most widely used MR-based protocol, with its ability to 
pinpoint gross brain volume changes and shape deformity. Common observations from 
FASD studies using sMRI include smaller brain size [5;17-23], in line with volume 
reductions of total gray matter [5;18;24;25], white matter [18;26] and changes in more 
distinct brain regions discussed below. 
2.1.1 Alterations in gray matter 
In children and adolescents with FASD, gray matter alterations have been detected in 
various cortical lobes including the frontal [5;20], temporal [5;17;27], parietal and 
occipital lobes [17;27]. The degrees of volume reduction can vary for different lobes, 
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with some studies observing that the parietal lobe showed greater volume reduction 
than the temporal and occipital lobes [17;27]. Reduced cortical volumes have also been 
observed in the left cuneus cortex, the lingual and right inferior temporal gyri [28]; the 
left parietooccipital and right anterior prefrontal cortices [29]; the left cingulate gyrus, 
the right middle frontal and temporal gyri [30]; the left superior frontal gyrus [25]; and 
the middle frontal, supramarginal and inferior parietal regions [31]. 
Children and adolescents with FASD exhibited reduced cortical thickness globally 
[18;21], as well as bilaterally in the middle frontal lobe, the large central area, the lateral 
inferior temporal and occipital lobes [32], the left orbitofrontal region [33], the 
occipitotemporal and parietal regions [34], the bilateral superior parietal, right 
postcentral, left precentral and lateral occipital regions [35]. Additionally, reduced 
cortical surfaces were observed in the anterior cingulate cortex [36], the right temporal 
lobe, the right superior temporal gyrus and the region between the right temporal and 
occipital cortices [5], and mid-sagittal anterior and posterior inferior lobes [37]. 
Reduced cortical folding, both with and without microcephaly, was observed in children 
with heavy PAE [38]. 
In contrast to the commonly observed reductions, some studies have reported increases 
in cortical thickness in children and young adults with FASD in the lateral occipital 
regions [39], frontal, temporal and parietal regions [40]. Gray matter density was found 
increased in the parietal region [41;42], unilaterally in the peri-Sylvian cortices of the 
temporal and parietal lobes [43], and the frontal and occipital temporal regions [42]. 
Cortical volumes were increased in the anterior and posterior cingulate regions and in 
the peri-Sylvian cortices [29].  
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The rate and trajectory of cortical development were also different between individuals 
with FASD and healthy peers. In children with PAE, the cortices were thinner at one 
time-point in childhood, and displayed a slower rate of thinning over an examined 
developmental period in multiple regions, particularly the medial frontal and parietal 
regions, compared to healthy children [21]. In another study, while healthy children 
exhibited prolonged cortical volume increase followed by cortical volume decrease, 
children with PAE showed cortical volume decrease only [26]. The right and left 
transverse temporal regions in adolescents with FASD exhibited significant linear 
volume increases over a two year timecourse while typically developing peers did not 
[44]. Adolescents with heavy PAE also showed a lack of normal asymmetry in gray 
matter density in the posterior temporal lobes compared to healthy individuals [27]. 
In line with changes in cortical regions and surface area, significant volume changes 
were observed in distinct brain structures as well. In children and adolescents with 
FASD, large volume reductions were seen in the cerebrum [45], cerebellum (Fig.3) 
[37;45-48], cerebellar vermis [20;49], caudate, putamen, hippocampus [18;19;28-
30;47;50;51], thalamus [18;29;51;52], basal ganglia [45;48;52-54], globus pallidus and 
amygdala [18]. Volume reduction and structural dysmorphology co-occurred in the case 
of the cerebellar vermis [49], but structural dysmorphology and asymmetry were 
present in the absence of volume changes in the case of the hippocampus and caudate 
nucleus [55;56]. Several studies reported wider cortical sulci [19;47;50]. 
2.1.2 Alterations in white matter 
Similar to cortical gray matter changes, reductions in white matter volume were 
observed globally [18;26], as well as around the occipital horns [48], in the left parietal 
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and temporal regions [41;43], the ventral occipital temporal region [42], and the 
posterior cingulate region [57].  
Midline brain structures exhibited high vulnerability to the adverse effects of PAE. 
Abnormalities included hippocampal commissure agenesis [23], callosal malformation, 
cavum septi pellucidi and cavum vergae [58]. The corpus callosum, the biggest white 
matter structure in the brain, which connects the two cerebral hemispheres, has been 
examined in many PAE investigations. Following PAE, the corpus callosum was found to 
be displaced in the inferior–superior and anterior–posterior directions [59]; decreased 
in size [23;31;45;47;48;52;58;60-63] or completely absent [45] (Fig.4), but also 
thickened [61]. Discrete regions of the corpus callosum appeared to be affected 
differentially. Volume reductions were seen in the isthmus and splenium [59;64], but 
not in other parts of the corpus callosum. The superior posterior region between the 
isthmus and splenium was also more severely displaced as compared to the more 
anterior part [59]. It should be noted that the decreased thickness and area of the 
corpus callosum were associated with decreased palpebral fissure length, a FASD facial 
characteristic [58;63], and the severity of midline structural malformations correlated 
with the severity of facial anomalies in individuals with FASD [58]. 
2.1.3 Links between abnormal brain structures and cognition in FASD 
In individuals with FASD, changes in the volume and thickness of various brain regions 
have been linked to altered cognitive performance. For example, a smaller caudate 
nucleus, a structure that is essential in learning and memory processing and storing 
[65], was found to strongly correlate with poor cognitive performance and verbal 
learning ability [66]. Poor verbal learning ability was also correlated with the amount of 
displacement of the corpus callosum [59] and the cerebellar vermis [49]. A thinner 
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dorsal frontal cortex was associated with poorer performance in verbal learning, while 
thinner frontal, parietal and temporal cortices were associated with better visuospatial 
functioning [39]. Similarly, cortical thickness and cognitive scores showed a positive 
correlation in the case of high dose alcohol exposure, but showed a negative correlation 
in the case of low dose exposure [33]. A smaller caudal anterior cingulate cortex in the 
right hemisphere, a region involved in inhibition processing and error monitoring, was 
related to longer time spent on inhibiting a response [36]. Volume reductions of the 
isthmus, splenium or the whole corpus callosum were associated with increased 
interhemispheric transfer-related errors in finger localization tests and executive 
functioning [61;64;67], while volume reduction of the hippocampus mediated memory 
performance of PAE group in a verbal learning task [19]. 
2.2 Brain microstructural changes revealed by DTI 
DTI involves the analysis of microscopic water molecule displacement in tissues using 
Gaussian distribution [68]. Typical measures in DTI quantification are fractional 
anisotropy (FA) and axial, radial and mean diffusivities (AD, RD and MD respectively). 
FA is a scalar parameter indicating the degree of anisotropy of diffusion processes and 
reflecting fiber density and axonal integrity [68]. AD refers to the diffusion along the 
principle axis (also called longitudinal diffusivity or parallel diffusivity), and a decrease 
in AD has been shown to associate with axonal degeneration or injury [69]. RD is the 
average of the diffusivities along two minor axes orthogonal to the main diffusion 
tensor axis (also called perpendicular diffusivity), and an increase in RD has been 
shown to associate with the degree of demyelination in white matter [69]. MD is a scalar 
measure indicating the total diffusion displacement within a voxel [69]. PAE has been 
found to result in alterations in all of these DTI-derived parameters in the brain. 
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Consistent with sMRI-revealed abnormal midline structures, a number of DTI studies 
have reported decreased FA in the corpus callosum of children and young adults with 
FASD, both as a whole structure [70] and in different subregions including the splenium, 
posterior mid-body and isthmus [71-74]. Children and young adults with FASD also 
exhibited lower FA in the right cingulum, bilateral inferior and superior longitudinal 
fasciculi (ILF and SLF respectively) and left thalamus [74-76]; the frontal, parietal and 
occipital lobes [73;77]; the medial prefrontal cortex and posterior cingulate cortex [78]; 
the bilateral superior cerebellar peduncles [79;80] and the left middle peduncle [80]. 
The reduction in FA overlapped with an increase in RD in the medial prefrontal and 
posterior cingulate cortices [78], the superior cerebellar peduncles [79], left ILF and 
isthmus [74], and the left middle peduncle [79;80]; whereas increased FA was only 
observed in the bilateral globus pallidus [75]. 
In children and young adults with FASD, higher MD was seen in the bilateral inferior 
frontooccipital fasciculi, SLF, left ILF, corticospinal tracts, globus pallidus, right putamen 
and right thalamus [74-76]; left superior frontal lobe and anterior limb of the internal 
capsule [73]; the splenium [74;81], isthmus [74;82] and whole corpus callosum [70;76]; 
the left middle and right inferior peduncles [79]; the cingulate, external capsule, 
uncinate fasciculus, superior corona radiate, arcuate fasciculus, frontal, fronto-central 
and central association fibers [76]; and the cingulum bundles that connect the medial 
prefrontal cortex and the posterior cingulate cortex [78]. Less commonly, lower MD was 
observed in the genu of corpus callosum [75], the right inferior frontal lobe and the 
right temporo-parieto-occipital junction [73]. MD decreased more steeply with age in 
the SLF and inferior frontooccipital fasciculi in FASD individuals [51], suggesting 
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differences in the rates of brain maturity between children with FASD and healthy 
peers.  
It should be noted that increased RD accounted for changes in both FA and MD in the left 
middle peduncle [79;80], and the left ILF and isthmus [74;79] in PAE children. The 
combination of decreased FA and increased RD may reflect a decreased barrier to 
diffusion across the axon (such as reduced myelination, or demyelination) and/or 
reduced axonal density, together with increased extracellular water content. The 
increase in extracellular water content can also be reflected through increased MD [83]. 
In neonates, AD appeared to be more sensitive to PAE than other diffusion parameters. 
Lower AD across the whole brain was associated with greater alcohol exposure [84], 
though the effect was strongest in the medial and inferior white matter. Significantly 
lower AD was also observed in the right SLF in PAE infants [85]. The changes in AD 
generally do not reflect demyelination but axonal state [69]. The decreased AD observed 
in the neonate brains may indicate axonal injury following PAE. 
Also noteworthy is that while many studies were carried out on individuals with 
confirmed syndromal FAS/PFAS, some studies have focused on heavily exposed 
nonsyndromal individuals (i.e. individuals with heavy PAE who do not show FAS/PFAS 
facial characteristics [74]) and showed that DTI could detect PAE-induced brain 
microstructural abnormalities in less severe cases [74;82]. Those studies, however, also 
showed that the level of exposure was associated with the level of alterations in 
diffusion parameters. Increased PAE was associated with decreases in FA and increases 
in RD [74;79;80] and increases in MD [74;79].  
Correlations between DTI and functional changes 
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Alterations in diffusion parameters in individuals with FASD suggest abnormalities in 
white matter tract formation [69]. Changes in these parameters also showed a 
correlation with changes in specific brain functions such as learning [79;80;86], 
response inhibition [81;87]; and IQ [74].  
Cerebellar peduncles are white matter tracts connecting the cerebellum and the 
brainstem. These structures control eye blink conditioning and saccadic eye movement, 
two paradigms that can be used as indicators for cognitive function [79;88]. The 
correlation between lower FA in the left cerebellum and increased saccadic reaction 
time [87]; and consistent correlation between lower FA in the cerebellar peduncles and 
poorer performance in eyeblink conditioning [79;80] suggest impaired neural 
transmission in these white matter tracts. In the infants with PAE, neurobehavioral 
scores exhibited a positive correlation with FA and a negative correlation with MD of 
the right inferior cerebellar peduncle [85]. In an antisaccade test, which is designed to 
assess response inhibition or cognitive control, normally developing children showed a 
negative correlation between FA of the corpus callosum and visual stimulus detection 
errors and a positive correlation between MD of the splenium and visual stimulus 
detection errors, while children with PAE did not exhibit such correlations [81]. These 
data suggest deficits in information transfer due to abnormal tract formation, resulting 
in failure in inhibition control (discussed in 2.4.1). 
2.3 Detection of brain metabolite changes using MRS  
MRS is an in vivo technique used to examine concentrations of metabolites and 
neurotransmitters in the brain [89]. MRS can provide more sensitive indicators of 
underlying abnormalities in brain metabolism when structural aberrations are absent 
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or undetectable [90]. Common brain metabolites of interest include N-acetyl aspartate 
(NAA), Creatine (Cr) and Choline (Cho). NAA is a neuron-specific marker and 
constitutes the most prominent peak in an MRS spectrum in healthy human brain tissue 
[91]. Changes in NAA are considered an indicator of neuronal dysfunction [89]. Cho is a 
marker of cellular membrane turnover. Cho levels in the brain are usually increased in 
the presence of tumors or inflammation [92]. Cr functions as the reservoir for high-
energy phosphates in the cytosol of muscle and neurons, and appears to be generally 
unaffected by pathology and drug use, thus it is commonly used as a control for 
evaluating alterations in Cho and NAA levels [89].  
In children and adolescents with PAE, considerable elevation in NAA/Cr ratio was 
observed in the caudate nucleus, which was attributable to a high level of NAA (rather 
than the decrease of Cr) in these regions [93]. In contrast, decreases in NAA were 
suggested to drive a lower NAA/Cr ratio in the frontal white matter, corpus callosum, 
thalamus and cerebellar dentate nucleus, and lower NAA/Cho ratio in the parietal and 
frontal cortices [94]. Another study reported low NAA and Cho levels in the right 
frontal/parietal white matter region and the hippocampus, while Cr was unchanged, 
resulting in low NAA/Cr and Cho/Cr ratios in FASD group compared to control group 
[95].  
A recent study detected lower levels of NAA and Cho in the deep cerebellar nuclei, a part 
of the cerebellum critical for cerebellar-mediated learning, in children born to mothers 
who were heavy drinkers around the time of conception and during pregnancy [96]. It 
was found that the decrease in NAA was more sensitive to exposure around conception, 
while Cho levels were more affected by exposure during pregnancy. In both cases, the 
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metabolite levels were inversely proportional to maternal alcohol consumption, i.e. 
increased consumption was associated with a greater reduction in NAA and/or Cho.  
Due to the limited number of MRS studies in individuals with FASD, there is no clear 
consensus of the metabolite changes following PAE. Nonetheless, changes in brain 
metabolite markers may underpin structural alterations in FASD. For instance, the most 
consistent observation was reduced NAA levels, which may indicate significant 
neuronal loss [89] resulting in reduced brain volume (see 2.1), or impaired cellular 
signaling resulting in brain dysfunction (discussed in 2.4) [95]. It should be noted that 
NAA levels were increased in the caudate nucleus in one study [93]. Increased NAA 
levels are less common but have been observed in pathologies where a mutation in the 
enzyme aspartoacylase prevents the normal breakdown of NAA [91], and the resultant 
NAA buildup could, in turn, cause demyelination [97]. 
2.4 Functional brain imaging 
Radiological functional imaging modalities typically used in FASD studies include fMRI, 
PET and SPECT. These modalities have been used to reveal impairments in brain 
functions in the absence of gross brain structural dysmorphology [16].  
fMRI examines brain functional connectivity and activation during task performance 
(task-based fMRI) or at rest (resting-state fMRI) by measuring blood-oxygen-level 
dependent (BOLD) signals [98]. PET and SPECT can be used to examine metabolic 
activities of specific tissues or blood delivery to an organ to measure how well the organ 
is functioning [99]. Compared to PET and SPECT, fMRI is advantageous in that it does 
not require the use of a radioisotope, has higher spatial and temporal resolution and is 
more widely available [99]. PET and SPECT, on the other hand, are advantageous over 
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fMRI in that they are not as prone to artifacts due to patient motion and local field 
inhomogeneity (air – tissue interfaces). PET and SPECT acquisition is acoustically less 
noisy, which is a major discomfort to participants in fMRI [99].   
2.4.1 Altered brain network recruitment and activation in task performance 
revealed by task-based fMRI  
Task-based fMRI studies have investigated a wide range of cognitive skills in individuals 
with PAE, including attention, learning, memory, language, number processing and 
executive function, providing insight into stimulus-dependent changes in brain 
activation following PAE [98]. Attention deficits are proposed to underlie the increased 
reaction times and weaker task performance of individuals with FASD. Attention deficit 
hyperactivity disorder (ADHD) is present in many cases of FASD and was suggested as a 
core deficit in FASD [100;101]. However, the impairments in adaptive function or 
cognitive ability in individuals with ADHD and FASD appeared distinct in certain 
respects [102-104]. 
Working memory. In the 1-back task, children with ARND showed broader activation of 
cortical regions compared to healthy children, which was correlated with decreased 
accuracy and increased response time variability, indicating increased effort to 
compensate for cognitive deficiency [103]. Despite similar task performance to children 
with ARND, children with ADHD showed weak activation of the same network, 
suggesting that children with ADHD relied on different brain regions compared to 
children with ARND [103]. 
In the N-back task, children with FASD performed significantly worse, with increased 
errors and reaction times, in comparison to their healthy peers [105]. fMRI detected 
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considerably lower activation levels in the regions of greatest activity in a typically 
developing child, including the right inferior frontal gyrus, right posterior parietal lobe, 
right dorsolateral prefrontal cortex and right middle frontal gyrus [105], the superior 
frontal and parietal lobes [106], the temporal lobe [107], and the basal ganglia [108].  
Subjects with FAS/PFAS also relied on a distinctly different subnetwork compared to 
normally developing peers and also to nonsyndromal heavily-exposed children [109]. 
Relative to the 0-back task, increased activations in the 1-back task were observed in 
the left inferior frontal gyrus in controls, and in the dorsal prefrontal cortex, caudate 
and putamen in nonsyndromal heavily-exposed children, while children with FAS/PFAS 
showed increased activity in two Crus I/lobule VI and lobule VIIB/VIIIA of the 
cerebellum and the inferior parietal cortex [109]. The activation increases from 0-back 
to 1-back task were significantly different between controls and PAE subjects in the 
inferior frontal region (higher in controls), and in the basal ganglia and dorsal 
prefrontal cortex (higher in PAE subjects) [109].  
When participants had to identify and remember figure locations on a screen, 
adolescents with heavy PAE exhibited higher activation levels relative to baseline 
condition in the bilateral inferior, middle, and superior frontal gyri, superior temporal 
and occipital gyri, lentiform nuclei, and insulae as compared to controls [110;111].  
Visual attention. In a visual shape detection task to test sustained attention, young 
adults with FASD exhibited lower accuracy and longer reaction times compared to 
healthy peers. Higher activation of the superior occipital temporal area was observed, 
which may be attributable to the volume reduction in the ventral occipital temporal 
area in these subjects [42]. Attention deficits were also reflected through poor 
performance in search tasks that required participants to locate a character that first 
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appeared alone then in an array [76]. In a simple search task where the target character 
reappeared together with three other characters (i.e. distractors whose color and shape 
were identical and different from the target’s), adolescents with ARDN had much more 
extensive activations in the dorsal frontoparietal network, which included the attention 
pathways, compared to the controls. Yet, when the search task became more 
complicated with the distractors either having the same color or shape as the target’s, 
subjects with ARND showed only a small change in activation from the simpler task, 
while healthy subjects exhibited a substantial increase in cortical activation in the 
frontal, parietal, temporal and lateral occipital regions [76].  
Verbal memory function. In verbal paired associated learning to recall one word in a 
pair spoken earlier, children with FASD showed decreased functional activation in the 
left medial and posterior temporal regions; but increased activation in the right dorsal 
frontal cortex [112]. In a verbal working memory test where participants were required 
to recall words they had seen, children and adolescents with FASD showed increased 
activation in the left dorsal frontal and left inferior parietal cortices, and the bilateral 
posterior temporal regions compared to their healthy peers [113]. 
Motor control and response inhibition. In children with PAE, the pattern of activation 
was also altered in a task involving rhythmic and non-rhythmic finger tapping to assess 
motor control [114]. BOLD activation in the right crus I, vermis IV-VI and right lobule VI 
was higher in rhythmic than in non-rhythmic finger tapping task in healthy children; 
but this difference was decreased in the right crus I in both nonsydromal PAE children 
and children with FAS/PFAS. Additionally, children with FAS/PFAS showed the smallest 
increase in vermis IV-V. The difference in activation between rhythmic and non-
rhythmic task was inversely correlated with maternal alcohol exposure (i.e. higher 
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maternal alcohol intake resulted in smaller difference) [114]. When the task required 
the inhibition of a prepotent response rather than an action, children and adolescents 
with heavy PAE exhibited failures in inhibition control with altered BOLD response in 
the fronto–striatal circuit, a circuit involved in controlled inhibition of unwanted 
responses, compared to typically developing peers [115-117]. 
 Number processing function. Syndromal PAE children showed worse performance in 
a number processing task than healthy peers, with lower activation in the left superior 
and right inferior parietal regions and medial frontal gyrus, the regions related to 
arithmetic processing [118;119]. It should be noted that the performance of 
nonsyndromal PAE children was comparable to the controls, implying that poor 
performance increases with increased severity of the syndrome. The size of activated 
networks was also observed to be decreased with increasing severity of PAE [119]. In a 
number-related task requiring the judgement of number proximity, children with FASD 
either showed less activation in the intraparietal sulcus, one of the regions in the 
frontoparietal network involved in number processing [120], or used a different 
network to solve the problems [118]. In exact calculation tasks, brain activation in PAE 
children was more scattered and widespread compared to controls and included the 
cerebellar vermis and cortex, regions which have been found to be activated in adults 
engaged in challenging number processing problems [121]. 
2.4.2 Brain network changes revealed by resting-state fMRI  
The study of basal brain activity at rest is called resting-state fMRI (rsfMRI), which 
investigates synchronous activations of remotely located brain regions in the absence of 
tasks [122]. The default mode network (DMN) is the most fundamental resting state 
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network, comprising of the medial prefrontal cortex, the posterior lateral parietal cortex 
and the precuneus/posterior cingulate cortex [122]. DMN showed highly correlated 
activity at rest and its dysregulation was associated with poor cognitive functioning in 
different psychiatric and neurological disorders [123]. Adults with FASD showed lower 
deactivation of the DMN during arithmetic tasks as well as lower resting functional 
connectivity between the medial prefrontal cortex and posterior cingulate cortex (Fig.5) 
[78].  
RsfMRI can measure global network efficiency, which reflects network capacity to 
communicate parallel information between remote brain regions. In children with 
FASD, global efficiency was decreased together with increased characteristic path 
length, which indicates less reliance on highly efficient hubs for long-distance 
communication but rather on multiple short jumps [124]. Regionally, lower inter-
hemispheric functional connectivity was detected in children with FASD in the para-
central region, the region connected by the posterior callosal fiber projection [125].  
The children also showed no correlation between para-central functional connectivity 
and mean diffusivity, which were strongly correlated in control peers [125]. The 
absence of a correlation between the two parameters suggests disruption in the 
microstructures of the posterior region of the corpus callosum.  
Only one study to date has investigated the establishment of intrinsic resting brain 
network in neonates (2 to 4 weeks of age) [126]. Although a significant reduction in 
interhemispheric connectivity was not detected, increased connectivity between the 
striatal and brainstem/thalamus region to the sensorimotor network was observed 
[126].  
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Both task-based and rsfMRI have revealed alterations in brain activation levels and 
network recruitment following PAE. The changes in pattern and degree of network 
activation during tasks may indicate deficits in some networks typically used in healthy 
individuals, which forces individuals with FASD to use other resources to perform tasks 
to compensate for the deficiency. The use of both protocols in the same studies may 
help to elucidate FASD characteristics, given that individuals with FASD have a high rate 
of comorbid neurological impairments [127], which has confounded its diagnosis.  
2.4.3 PET and SPECT 
PET and SPECT can be used to examine the neurotransmitter pathways and brain 
metabolism [16]. Both PET and SPECT have not been widely used in FASD research due 
to several shortcomings, including the requirement for injection of a radiotracer, long 
acquisition time, low spatial resolution and radiation concerns especially in infants and 
young children [16]. The number of participants in PET and SPECT studies was, 
therefore, not high compared to other modalities, and two of the SPECT studies were 
just case reports of individuals with FASD [23;128]. 
In a report on a single FASD-confirmed patient with facial dysmorphology, 
developmental disorders and a psychiatric history [128], in whom anatomical brain 
MRI had detected nothing abnormal, SPECT was the only modality that detected 
abnormalities. SPECT revealed decreased activity of Tc-99m ethyl cysteinate dimer (a 
brain perfusion imaging agent) in the thalamus, basal ganglia and bilateral temporal 
lobes, indicating decreased blood flow in these regions [128]. A large reduction of blood 
flow in the temporal region relative to the cerebellum was observed in three subjects 
with FAS, while such reduction was smaller in two healthy subjects [23]. A SPECT study 
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using Tc-99m hexamethylpropyleneamine oxime in children with FAS reported mild 
hypoperfusion in the left parietooccipital and right frontal region [48]. In another 
SPECT study using 123I-nor-β-CIT tracer, children with FASD were reported to have 
lower serotonin in the medial frontal cortex and higher levels of dopamine transporters 
in the striatum compared to healthy peers [129]. The only PET study, which used 18F-
FDG, reported altered rate of glucose metabolism in the basal ganglia and thalamus in 
PAE children having normal IQ [130]. 
2.5 Ultrasonography 
In studies of FASD, ultrasound is less widely used than other modalities discussed 
above. However, it offers the advantage of use in utero which is problematic in other 
modalities [131]. Two studies that used ultrasound imaging on infants with a confirmed 
history of PAE observed malformation of the corpus callosum [132], and abnormality of 
the splenium [133], which is in good agreement with the MRI studies. Three other 
studies used ultrasound to monitor alcohol-exposed fetal development [134-136]. 
Alcohol-exposed fetuses showed smaller frontal cortex when scanned between the 
second and the third trimester [134]. Second trimester examination showed shorter 
caval-calvarial distance and frontothalamic distance, with the latter persisting into third 
trimester. During the third trimester, shorter orbital distance was also seen in the 
alcohol-exposed fetuses [136]. Compared to fetuses of abstaining mothers, fetuses 
developing under continuous alcohol exposure throughout gestation exhibited reduced 
cerebellar growth and ratio of cranial to body growth [135]. Given the wide availability 
of ultrasound and the ease with which it can be used for multiple follow-up imaging 
during development, the good agreement between ultrasound and other imaging 
modalities such as MRI suggests that ultrasound measures may be a useful tool for the 
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early detection of PAE-induced abnormalities in utero and in infants, which can facilitate 
early implementation of appropriate interventions for infants with FASD [137]. 
2.6 Insights from radiological studies of humans with FASD 
Of more than 100 studies discussed above, around one-fifth were performed 
prospectively while the remainder were carried out retrospectively. The majority of 
retrospective studies incorporated no information about the dosage, timing or duration 
of exposure, only a known history of maternal alcohol consumption reported by 
mothers or caregivers [138]. Another parameter not available in a number of studies is 
socioeconomic status (SES) which is known related to alcohol consumption patterns 
[139]. The concurrent consumption of alcohol and other drugs, such as marijuana or 
nicotine, is rather common [140], and while some studies (for example, see 
[27;33;41;48;71;74;79;82;84;85;96;114;120;124;126;134;135]) considered maternal 
drug use as a covariate, other studies did not do so due to the lack of information. All 
these factors could have contributed to the heterogenous outcomes in imaging studies 
in humans with FASD. 
Nevertheless, studies in humans with FASD have provided valuable insight into the 
detrimental effects of PAE on the CNS. First, they have confirmed that brain 
abnormalities may result from not only heavy but also mild PAE (see studies that 
examined heavy and mild PAE separately, for example [5;49;59]), and also in the case of 
abstaining at some gestational point [47]. Vermis hypoplasia was observed in children 
born to mothers who had consumed alcohol in the first trimester, in the first two 
trimesters, as well as throughout gestation [47]. Second, they have suggested that the 
severity of impairments is dose dependent. The volume of alcohol intake per occasion 
was found inversely related to the cortical thickness in the right cuneus and 
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pericalcarine cortices, the right occipitotemporal and parietal clusters [34]; and to 
volume reductions in broad medial regions [141]. The duration of exposure also 
mediated the magnitude of abnormalities. Moderate exposure throughout gestation 
resulted in significant changes in caudate volume, while changes resulted from first 
trimester exposure were not significantly different from no exposure [47;56].  
Age at examination and the need for follow-up developmental studies are also the 
factors that should be taken into account in attempts to derive a consensus for CNS 
abnormalities in humans with FASD. Human brain development starts from the third 
week of gestation and continues postnatally, reaching approximately 90% of adult size 
at the age of 6, with structural maturation changes continuing until late adolescence 
[142]. Different parts of the brain have distinct development trajectories. For example, 
the human forebrain undergoes rapid growth until week 18 of gestation but continues 
to grow until 3 years after birth, while the cerebellum growth spurt starts about 
halfway through gestation and lasts until 18 months after birth [143]. The majority of 
FASD imaging studies recruited school-aged individuals (children and adolescents) 
(more than 70 studies), attributable to the fact that at this age children with ARND start 
to exhibit difficulties in learning, which can be identified by their teachers [144]. 
Approximately 30 studies examined adolescents and young adults (11 to 30 years of 
age), 6 studies examined neonates and infants (less than 4 years of age) and 3 studies 
were carried out on fetuses. Only a few studies performed imaging at two time points to 
monitor developmental trajectories [21;26;31;44;51]. More follow-up studies are 
needed to investigate possible brain developmental repair and catch-up.  
CNS abnormalities revealed by the radiological imaging of humans with FASD are 
summarized in Table 1.  
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3 Radiological studies of translational animal models of PAE 
Studies in humans with FASD, even when obtained prospectively, cannot incorporate 
precise information about drinking quantities; moreover, virtually all drinking women 
drink repeatedly during pregnancy rather than at only a single time-point [138]. Animal 
models, on the other hand, have allowed specific investigations of the effects of PAE 
with respect to the quantity (from mild to heavy drinking), timing and duration of 
ethanol exposure during development, and demonstrated that the CNS exhibits varied 
vulnerability to ethanol insult across gestation [145]. The use of inbred strains and a 
controlled laboratory environment reduces potential confounders typically met in 
human studies, such as genetic heterogeneity, variable nutrition and substance abuse 
[146;147], and the involvement of alcohol dehydrogenase as a moderating variable 
[148]. Another advantage of animal models is that PAE-induced neuroanatomical 
changes that potentially underpin neurobehavioral changes can be further analyzed in 
tissue samples using molecular and histology methods [149], which are difficult to 
obtain in human studies. Animal models of PAE, therefore, offer great opportunity to 
provide additional insight into FASD in humans. 
Rodents are the most commonly used mammalian models for PAE studies, although 
nonhuman primates and sheep have also been used [150]. Rodent models offer 
advantages of lower cost, shorter gestational time (21 days in mice and rats compared 
to 23 to 26 weeks in nonhuman primates) [90] and ease of handling. The three weeks of 
gestation in mice corresponds approximately to the first and second trimester in 
humans in terms of brain development. Mouse brains continue to develop ten to twelve 
days postnatally, equivalent to the last trimester of human fetal brain development 
[151]. Therefore, mouse models designed to simulate third trimester PAE effects in 
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humans requires exposures via lactation and/or directly on the neonates rather than 
through the placenta [150].  
3.1 Non-human primate PAE studies 
The similarities in brain development and neurobehaviours between non-human 
primates and humans make non-human primates the most suitable choice to study PAE. 
However, they have long gestation, are more expensive and difficult to handle compared 
to smaller animals such as rodents [150].    
3.1.1 An early non-human primate MRS study 
One of the earliest radiological studies involving an animal model of PAE was performed 
using chronic maternal ethanol exposure by oral administration during gestation in 
pigtailed macaques. Dose information was not provided, but the average maternal peak 
plasma ethanol concentration one week postpartum was 227 ± 33 mg/dl [90]. In the 
absence of detectable neuroanatomical changes in PAE group, MRS revealed significant 
increases in the Cho/Cr ratio in the thalamus, parts of the internal capsule and basal 
ganglia, and the adjacent white matter. The increased Cho/Cr ratio correlated with 
increased durations of PAE and increased neurobehavioral disorders in PAE animals. 
Increased Cho/Cr ratio has also been found in other neurological disorders such as 
multiple sclerosis and Alzheimer’s disease [90]. Cho increases are commonly associated 
with cell destruction [152], but it can also be associated with demyelination [153]. This 
study showed that PAE-induced brain injury could be modeled in animals and observed 
non-invasively using MRS.    
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3.1.2 Non-human primate PET studies 
Only two PET studies of non-human primate models of PAE have been performed. 
These studies used rhesus macaques and focused on the brain dopamine system 
[154;155]. Dopamine is a neurotransmitter that promotes both excitatory and 
inhibitory responses. Dopamine plays an important role in motor function, attention 
and cognitive functions [155]. The density of postsynaptic dopamine receptors and the 
level of presynaptic dopamine synthesis are finely regulated to maintain their balance 
[154]. The macaque PAE studies used well-established radiotracers, 18F-Fallypride 
[154] and 11C-SCH23390 [155], to target the dopamine receptor D2 and D1, 
respectively. The macaques received a moderate concentration of ethanol (6% v/v 
consumed voluntarily daily, producing an average blood alcohol concentration of 20-50 
mg/dl 60 min after consumption), during (i) early gestation only (gestational day, GD, 
0–50, equivalent to the first trimester in humans) [154], (ii) late gestation only (GD50–
135) [154], or (iii) throughout gestation [154;155]. In [154], PAE in early gestation and 
throughout gestation resulted in a decrease of the dopamine D2 receptors to dopamine 
ratio in the striatum of young adult monkeys. Exposure during late gestation, however, 
caused the opposite effect. The absence of correlation between neonatal motor function 
and the dopamine D2 receptor to dopamine ratio in all PAE animals was believed to 
indicate a disruption of the striatal dopaminergic circuit [154]. In the second study, 
which used exposure throughout gestation, dopamine D1 receptor binding was found to 
be increased in the prefrontal cortex of PAE exposed male but not female adult offspring 
[155].  
Findings from these macaque models of PAE suggest that the effects of ethanol differ 
depending on the gestational stage of exposure and that offspring gender may play a 
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role in dopamine receptor vulnerability to PAE. The largest effect on the striatal 
dopaminergic circuit was observed in the group exposed throughout the gestation 
indicating that PAE-induced abnormalities are also dependent on the duration of 
exposure [154].     
3.2 Other animal models of PAE 
Rodent models have been used to study the widest range of PAE patterns. A number of 
rodent studies have focused on the timing of exposure in order to investigate the stage 
dependence of ethanol teratogenesis. Gestation in mice can be grouped into: pre- and 
peri-implantation from GD1–6 and post-implantation (starting on GD6) including 
gastrulation and neurulation. Gastrulation and neurulation are critical time points, 
when neural plate development begins. Gastrulation usually begins at GD7, 
corresponding to 3 weeks 3 days to 4 weeks in humans, and neurulation begins on GD8 
(week 4 in humans) and continues into GD10 [151]. 
3.2.1 Mouse models of acute high dose of PAE 
In order to confirm the adverse effects of ethanol exposure on embryonic development, 
a series of studies using C57BL/6J mice have used acute high doses of ethanol (from 23 
to 25% v/v, injected twice intraperitoneally 4 hours apart) at the following time-points: 
GD7, GD8, GD8.5, GD9, GD10 [151;156-159]. In all cases, morphology was examined ex 
vivo using MRI at GD17. 
sMRI. Acute high dose ethanol exposure on a single day resulted in facial abnormalities 
and brain structural dysmorphology, however the defects were different for each time-
point.   
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GD7 ethanol exposure [151] resulted in midface abnormalities including long upper lip, 
closely spaced nostrils, narrow and pointed chin. MRI revealed olfactory bulb 
deficiency, frontal hemisphere fusion, lateral ventricle enlargement and malformation, 
third ventricle enlargement, short nasal septum and small nasal cavity, absence of the 
pituitary and septal region (Fig.6), fusion of the striatal tissue, absence of corpus 
callosum, and presence of cortical heterotopia (Fig.7). These findings are consistent 
with a later study that observed severe midfacial hypoplasia, shortening of palpebral 
fissures, elongated upper lip and deficient philtrum in GD7 ethanol-exposed C57BL/6J 
mice [158] and are consistent with FAS facial characteristics in humans [3]. 
GD8 ethanol exposure [157] caused a 25% reduction in total body volume and 19.5% 
reduction in brain volume. Overall brain volume reduction was traced back to many 
sub-regions, such as the cortex, striatum, hippocampus, cerebellum, and pons/medulla, 
but not to the septal region and the pituitary as was observed with GD7 exposure. The 
reduction in PAE brain regions co-occurred with larger ventricles, which has also been 
observed in humans [52]. The olfactory bulbs were poorly formed and widely spaced in 
the PAE mice.  
GD8.5 ethanol exposure resulted in inconsistent outcomes to exposure on GD7, with 
milder facial hypoplasia and palpebral fissure shortening, a shortened upper lip and 
preserved philtrum [158]. However, exposures at both GD7 and GD8.5 caused 
volumetric and shape abnormalities of the septal region, pituitary and olfactory bulbs, 
in contrast to the preserved the septal and pituitary regions at GD8 [158].  
GD9 ethanol exposure resulted in increased septal region width (9% wider) compared 
to non-exposed fetuses. The third ventricle of PAE animals also showed increased 
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variability across the group, and the lateral, third and fourth ventricles were 
significantly larger in volume compared to controls. The cerebellum was 14% smaller 
with a significant change in shape, and bilaterally asymmetric, while the right and left 
cortices exhibited a trend towards slightly decreased volume. The cerebral cortex, 
hippocampus and right striatum were significantly distorted [159].  
GD10 ethanol exposure produced similar outcomes to those of GD8 exposure, including 
decreased body size, and regional and total brain volume reductions, except for larger 
third and lateral ventricles [156]. Heterotopias were also present in the GD10 ethanol-
exposed mice, not on the cerebral cortical surface as on the GD7 but in the hypothalamic 
region of the mildly dilated third ventricle. The formation of heterotopias is believed to 
be a consequence of errors in cell migration, which have been linked to seizures and 
epilepsy [160], disorders with high prevalence in individuals with PAE [127;161;162].  
Quantitative susceptibility mapping (QSM). QSM is a MRI technique that measures 
tissue magnetic property [163]. The only QSM study in rodents examined white matter 
tracts of ex vivo brains at postnatal day (PD) 45 in the offspring of C57Bl/6J mice that 
were intraperitoneally injected with acute high doses of ethanol at GD7 (same model as 
in [151]) [163]. Following PAE, the volume of the anterior commissure was reduced, 
and three white matter regions including the corpus callosum, anterior commissure and 
hippocampal commissure showed lower susceptibility contrast with the surrounding 
gray matter compared to control mice. The reduction in susceptibility contrast between 
gray and white matter was due to an increase in positive magnetic susceptibility of 
white matter (i.e. becoming more paramagnetic), which may indicate demyelination 
and/or reduction in myelin formation in these regions. This study suggests that there 
may be other sensitive markers for PAE-induced microscopic changes, such as changes 
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in susceptibility contrast, apart from the DTI-derived parameters which have been used 
in humans.    
3.2.2 Animal models of chronic high dose PAE 
sMRI. Chronic high dose maternal ethanol exposure (25% w/v administered via 
intragastric gavage daily throughout gestation) in Long-Evans rats resulted in reduced 
brain volume, reduced neocortical volume and thickness, and altered neocortical 
surface in PAE offspring as compared to controls [164], analogous to findings in humans 
with FASD [5;32]. There were variations in the local cortical thickness, suggesting 
unequal vulnerabilities to ethanol in different regions of the cerebral cortex [164].  Ex 
vivo DTI revealed higher FA in PAE animals in the cerebral cortex, with strongest effect 
in the superficial layers throughout age range from PD0-6, proposedly due to less 
complexity of axonal and dendritic organization [165].   
CT imaging. A sheep model of chronic heavy PAE (40% w/v administered 
intravenously on three consecutive days a week) during the GD4-41, equivalent to the 
first 8 weeks of human gestation, was examined at 6 months of age, a time-point 
equivalent to early adolescence in humans when individuals with FASD typically 
exhibited difficulties in learning [144]. CT imaging showed reductions in local skull 
bone volumes (frontal, parietal, occipital, maxilla, mandible, lacrimal, jugal bones) and 
total skull volume, decreased cranial circumference and decreased interorbital distance 
in peripubertal offspring [144]. These changes are similar to those reported in mouse 
models of PAE and humans with FASD (see above). 
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3.2.3 Rodent models of chronic moderate dose of PAE 
Ex vivo MRI at PD60 following PAE (10% v/v) throughout gestation revealed both 
increases and decreases in regional brain volumes in the offspring of 129Svev and 
C57Bl/6 mice, including decreased volumes of the olfactory bulbs, the granule cell layer 
of the dentate gyrus and the fourth ventricle; and increased volumes of the basal 
forebrain, the posterior part of the anterior commissure, the stria medullaris of the 
thalamus and the amygdala [166].  
Moderate PAE (10% v/v provided ad libitum) from GD0-8 in C57Bl/6J mice, 
encompassing pre-implantation, implantation and the first two days of gastrulation, 
equivalent to the first 3 – 4 weeks of human gestation [167], resulted in growth 
retardation (indicated by body weight) observable at the weaning (PD21) and extended 
into adulthood [167]. CT imaging revealed alterations in skull shape at PD28, including 
leftward deviation of the frontal bone (observed in one specimen), a smaller centroid 
area (Fig.8), wider inter-orbital distance and shorter midface [167]. At PD60, ex vivo 
MRI revealed asymmetric changes in the hippocampus and olfactory bulb, in which 
significant increase in hippocampal volume and decrease in olfactory bulb volume were 
both observed in the left hemisphere [168]. 
3.2.4 Rodent models of chronic low dose of PAE 
Ex vivo MRI at GD17 following low dose PAE (4.8% v/v) from GD7-11 in C57Bl/6J mice, 
equivalent to weeks 3-6 in human gestation, resulted in reduced volume of the 
cerebellum and increased volume of the septal region, while exposure from GD12-16, 
equivalent to weeks 7 to 12 in human gestation, resulted in reduced volume of the right 
hippocampus, and the pituitary gland [169].  
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Resting state fMRI was used to measure brain function in a model of low dose PAE (5% 
v/v) throughout gestation in Long-Evans rats [170]. Reductions were observed in the 
functional connectivity of the primary and secondary visual cortex to other cortical 
components, the cerebellum to the midbrain, and in the inferior colliculi; whereas 
increases in connectivity were observed in the cerebellum to the striatal and cortical 
regions. Notably, deficits in visual responses (mediated by visual cortex) and auditory 
responses (mediated by inferior colliculi) have been reported in children and young 
adults with FASD [171;172] . 
Low dose PAE (4.2% v/v) given 2 weeks prior to conception followed by exposure from 
GD7-16 in C57Bl/6J mice resulted in global and regional reductions of head bone 
volumes [173]. CT imaging revealed reduced parietal bone volumes at PD7 and 
reduced frontal, parietal, occipital and mandible volumes at PD21, while total skull 
volume was decreased at both time-points. Head size and circumference were also 
decreased at both time-points. The smaller head size (microcephaly) and head 
circumference are consistent with features observed in humans with FAS [24;37].  
3.2.3 Insights from radiological studies of animal models of PAE 
Rodent models have been most widely used in FASD research, although unlike the 
sheep and non-human primates with long gestation and all three human-equivalent 
trimesters occurring in utero [174], in rodents, prenatally ethanol-exposed offspring 
cannot directly model third-trimester-equivalent alcohol-exposed individuals in 
humans [150]. In rodent models, in spite of different dosage, timing and duration, some 
structures appeared to have high susceptible to PAE, including the cerebellum, olfactory 
bulbs, hippocampus, striatum, corpus callosum, pituitary and septal regions.  
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Animal models of PAE have demonstrated that PAE affects both brain and skull 
formation. This may be because both structures originate from the embryonic neural 
crest and undergo interdependent development [175]. Further studies are required to 
determine the specific developmental processes involved and the relationship between 
skull and brain malformations following PAE.  
Brain structural and functional abnormalities detected by radiological studies in animal 
models of PAE are summarized in Table 2.  
3.3 Comparison of PAE effects in humans and animal models. 
The literature on humans with FASD and animal models of PAE report a diverse range 
of outcomes, reflecting the wide spectrum of effects of alcohol exposure in utero. Both 
human and animal studies have shown that the pattern of PAE-induced brain 
abnormalities depends to some extent on the window of exposure during pregnancy. 
Nonetheless, similar structural changes have been observed, suggesting that some brain 
structures/subregions may exhibit higher susceptibilities to PAE than the others. Both 
animal models of PAE and studies of humans with FASD reported smaller brain size 
[17-20;95;157], smaller cerebellum [20;45-48;159], absence of the corpus callosum 
[45;151] or deformed hippocampus and caudate nucleus [55;159]. The abnormal 
growth and reductions in brain volume following PAE observed in humans and animals 
are believed to be a consequence of both apoptosis and incorrect cell migration. Both of 
these processes have been confirmed in a number of PAE studies using a histological 
approach (for example [176]). Asymmetric alterations within a single brain structure, 
such as the cerebellum in the mice following GD9 exposure [159] and the cortical lobes 
in humans [5;17;27] were also reported.  
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MRS revealed metabolite level alterations in the caudate nucleus, frontal white matter 
and thalamus in both humans following moderate to high dose PAE [93] and pigtailed 
macaques following moderate chronic dose PAE [90]. Single high dose PAE on GD7 
[151] and chronic moderate dose PAE from GD0-8 in the mice [167] resulted in facial 
anomalies analogous to FAS facial characteristics in humans. Large scale changes, such 
as reduced physical growth and microcephaly in humans with FAS [5;17-23], were also 
reported in animal models of PAE [157;167;173]. Although animal models revealed 
facial characteristics analogous to FAS facial phenotype in humans, facial anomalies 
were not consistently observed in animals.  
The heavy drinking pattern across gestation is quite common in humans [177;178]. One 
of the few imaging studies using high dose PAE throughout gestation in Long-Evans rats 
produced good agreement with findings in humans, showing the features of reduced 
brain volume, neocortical volume and thickness, and altered cortical surface 
[18;36;38;164]. However, the high dose regime at a single gestational day in animals 
showed consistent effect on the septal region in the mice [151;157-159], which has not 
been reported in humans with FASD. This may be attributable to the fact that a single 
high dose consumption during gestation is rarely the case in humans.   
There is also a gap in the literature for brain functional studies in animal models of PAE. 
Most brain receptor studies of PAE have been done using histology or in vitro ligand 
binding rather than in vivo [179]. RsfMRI is more advantageous compared to task-based 
fMRI since it is more applicable in animal studies. However, there is only one rsfMRI 
study in animals [170], which showed alterations in brain networks that mediate 
cognitive activities, including visual and auditory responses that had been found to be 
altered in humans with FASD [171;172]. Such agreement, given the increasing 
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availability of animal models, suggests that functional imaging like rsfMRI should be 
used more considerably in translational models of PAE to help answer questions about 
FASD phenotypes in humans. 
4 Summary 
Modern radiological techniques have revealed numerous neurological changes which 
could underpin the neurobehavioral changes observed in individuals with FASD. While 
advanced imaging techniques offer many advantages, no single technique can provide a 
comprehensive insight into the underlying pathway of alcohol teratogenicity from the 
molecular level to macroscopic manifestation. There are notably gaps in the 
applications of radiology and MRI modalities in FASD research with limited use of CT 
imaging in humans, as is ultrasonography, diffusion MRI and rsfMRI in animals. Various 
animal models of PAE have been developed to mimic distinct PAE patterns. They have 
focused on certain brain structures and functions and enabled dissection of specific 
effects of PAE in high detail. The findings in FASD studies in humans and animal models 
of PAE are currently quite heterogenous yet convergent to some extent. Animal models, 
offering good controls over confounders such as substance abuse or SES, and the 
versatility in exposure patterns, therefore, play an important role in FASD research. 
They can provide opportunities to answer questions about the teratogenesis of alcohol 
in humans.   
A more systematic approach to radiological imaging in both humans and animal models, 
where multiple modalities and follow-up imaging are applied, is recommended. Such an 
approach would increase knowledge, aid diagnosis, enable the development and 
monitoring of suitable interventions for individuals with FASD.  
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Table 1. Summary of radiological findings in humans with FASD 
Techniques Abnormalities References 
sM
R
I 
 Smaller brain size [5;17-23] 
G
ra
y
 m
at
te
r 
L
o
b
u
la
r 
vo
lu
m
e 
Reduced volumes in: 
          Total gray matter 
          Frontal lobe 
          Temporal lobe 
          Parietal and occipital lobes. 
 
[5;18;24;25] 
[5;20] 
[5;17;27] 
[17;27] 
Parietal lobe more affected than temporal and occipital lobes. [17;27] 
Reduced cortical volumes in: 
          Left cuneus cortex, the lingual and right inferior temporal gyri  
          Left parietooccipital and right anterior prefrontal cortices  
          Left cingulate gyrus, the right middle frontal and temporal gyri  
          Left superior frontal gyrus  
          Middle frontal, supramarginal and inferior parietal regions.  
 
[28] 
[29] 
[30] 
[25] 
[31] 
Increased cortical volumes in: 
          Anterior and posterior cingulate regions and peri-Sylvian cortices. 
 
[29] 
Lack of normal prolonged cortical volume increases.  
Abnormal linear volume increase in right and left transverse temporal regions. 
[26] 
[44] 
R
eg
io
n
al
 v
o
lu
m
e 
Reduced regional volumes in: 
          Cerebrum 
          Cerebellum 
          Cerebellar vermis 
          Frontal lobe, caudate, putamen, hippocampus 
          Thalamus 
          Basal ganglia 
          Globus pallidus, amygdala. 
 
[45] 
[37;45-48] 
[20;49] 
[18;19;28-30;47;50;51] 
[18;29;51;52] 
[45;48;52-54] 
[18] 
Dysmorphic cerebellar vermis. 
Dysmorphic hippocampus and caudate nucleus. 
[49] 
[55;56] 
C
o
rt
ic
al
 t
h
ic
k
n
es
s 
an
d
 s
u
rf
ac
e 
Reduced cortical folding. [38] 
Reduced cortical surface in: 
          Anterior cingulate cortex 
          Right temporal lobe, right superior temporal gyrus and the region between the      
          right temporal and occipital cortices 
          Mid-sagittal anterior and posterior inferior lobes. 
 
[36] 
[5] 
 
[37] 
Slower rate of cortical  thinning.  [21] 
Reduced cortical thickness in: 
          Globally  
          Bilateral middle frontal lobe, central area, lateral inferior temporal  
          and occipital lobes 
          Left orbitofrontal region 
          Occipitotemporal and parietal regions 
          Bilateral superior parietal, right postcentral, left precentral and lateral 
          occipital regions. 
 
[18;21;22] 
[32] 
 
[33] 
[34] 
[35] 
Increased cortical thickness in: 
          Lateral occipital regions 
          Frontal, temporal and parietal regions. 
 
[39] 
[40] 
D
en
si
ty
 
Increased gray matter density in: 
          Parietal regions 
          Unilateral peri-Sylvian cortices of temporal and parietal lobes. 
          Frontal and occipital temporal regions. 
 
[41;42] 
[43] 
[42] 
Wider cortical sulci. 
Lack of normal asymmetry in posterior temporal lobes. 
[19;47;50] 
[27] 
W
h
it
e 
m
at
te
r 
Reduced white matter volumes in: 
          Globally  
          Occipital horns 
          Left parietal and temporal regions 
          Posterior cingulate region 
          Ventral occipital temporal region 
          Isthmus and splenium of corpus callosum 
          Whole corpus callosum. 
         
 
[18;26] 
[48] 
[41;43] 
[57] 
[42] 
[59;64] 
[23;31;45;47;48;52;58;
60-63] 
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Corpus callosum: 
           Absent 
          Thickened 
          Displaced in the inferior–superior and anterior–posterior directions, more  
          severely in the posterior part than anterior part. 
Cavum septi pellucidi and cavum vergae. 
Agenesis of hippocampal commissure 
 
[45] 
[61] 
[59] 
 
[58] 
[23] 
D
T
I 
FA 
Decreased in:  
          Corpus callosum 
          Splenium, posterior mid-body and isthmus 
          Right cingulum, bilateral ILF and SLF and left thalamus 
          Frontal, parietal and occipital lobes 
          Medial prefrontal and posterior cingulate cortices 
          Bilateral superior cerebellar peduncles 
          Left middle peduncle. 
 
[70] 
[71-74] 
[74-76] 
[73;77] 
[78] 
[79;80] 
[80] 
Increased in bilateral globus pallidus. [75] 
RD 
Increased in:  
          Medial prefrontal and posterior cingulate cortices 
          Superior cerebellar peduncles 
          Left ILF and isthmus 
          Left middle peduncle. 
 
[78] 
[79] 
[74] 
[79;80] 
AD 
Decreased in: 
          Medial and inferior white matter 
          Right SLF. 
 
[84] 
[85] 
MD 
Increased in: 
          Bilateral inferior frontooccipital fasciculi, left ILF, SLF, corticospinal tracts,  
          globus pallidus, right putamen, right thalamus. 
          Left superior frontal lobe and anterior internal capsule 
          Splenium 
          Isthmus 
          Whole corpus callosum 
          Left middle and right inferior peduncles 
          Cingulate, external capsule, uncinate fasciculus, superior corona radiate,  
          arcuate fasciculus, frontal, fronto-central and central association fibers 
          Cingulum bundles. 
 
[74-76] 
 
[73] 
[74;81] 
[74;82] 
[70;76] 
[79] 
[76] 
 
[78] 
Decreased in: 
          Genu 
          Right inferior frontal lobe and right temporo-parieto-occipital junction 
          More steeply with age in the SLF and inferior frontooccipital fasciculi. 
 
[75] 
[73] 
[51] 
M
R
S
 
NAA/Cr 
Increased in (driven by increased NAA): 
          Caudate nucleus. 
 
[93] 
Decreased in (driven by decreased NAA): 
          Frontal white matter, corpus callosum, thalamus and cerebellar  
          dentate nucleus 
          Right frontal/parietal white matter region and hippocampus. 
 
[94] 
 
[95] 
NAA/Cho Decreased in parietal and frontal cortices (driven by decreased NAA). [94] 
Cho/Cr 
Decreased in right frontal/parietal white matter region and hippocampus (driven 
by decreased Cho). 
[95] 
Absolute 
values 
Decreased levels of NAA and Cho in deep cerebellar nuclei. [96] 
fM
R
I 
Working 
memory 
1-back task: 
          Broader activation of cortical regions. 
N-back task, lower activation in: 
          Right inferior frontal gyrus, right posterior parietal lobe, right dorsolateral  
          prefrontal cortex and right middle frontal gyrus 
          Superior frontal and parietal lobes  
          Temporal lobe 
          Basal ganglia 
          Recruited a different subnetwork. 
From 0-back to 1-back task: 
          Decreased activation in inferior frontal region 
          Increased activation in basal ganglia and dorsal prefrontal cortex.  
 
[103] 
 
[105] 
 
[106] 
[107] 
[108] 
[109] 
 
[109] 
[109] 
Figure location identification: 
          Higher activation levels relative to baseline condition in bilateral inferior,  
          middle, and superior frontal gyri, superior temporal and occipital gyri,  
          lentiform nuclei, and insulae.  
 
[110;111] 
Visual 
attention 
Higher activation of superior occipital temporal area. 
Higher activation of dorsal frontoparietal region in simple task and smaller increase 
in activation of frontal, parietal, temporal and lateral occipital regions from simple 
to more difficult task. 
[42] 
[42;76] 
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Verbal 
memory 
function 
 
Decreased functional activation in left medial temporal and dorsal prefrontal 
regions, left posterior temporal lobe, increased activation in left dorsal prefrontal 
cortex. 
Higher activation in left dorsal frontal and left inferior parietal cortices, and 
bilateral posterior temporal regions. 
[112] 
 
 
[113] 
 
Motor 
control  
Between rhythmic and non-rhythmic finger tapping task:  
Decreased activation difference in right crus I and vermis IV-V.  
 
[114] 
Inhibition 
control 
Altered BOLD response in the fronto-striatal circuit. [115-117] 
Number 
processing 
function 
In arithmetic task:  
          Lower deactivation of DMN 
          Lower activation in left superior and right inferior parietal regions and medial  
          frontal gyrus. 
In number proximity judgment: 
          Lower activation in intraparietal sulcus 
          Use a different network. 
In exact calculation, brain activation was more scattered and widespread. 
 
[78] 
[118;119] 
 
 
[120] 
[118] 
[121] 
rs
fM
R
I 
 
 
Decreased global deficiency. 
Lower functional connectivity between the medial prefrontal and posterior 
cingulate cortices. 
Lower interhemispheric functional connectivity in the para-central region. 
[124] 
[78] 
 
[125] 
Increased characteristic path length. 
Increased connectivity between striatal and brainstem/thalamus region to  
sensorimotor network. 
[124] 
[126] 
P
E
T
 a
n
d
 
S
P
E
C
T
 
SPECT 
Decreased blood flow in thalamus, basal ganglia and bilateral temporal lobes. [128] 
Hypoperfusion in left parietooccipital and right frontal regions. [48] 
Large reduction of blood flow in the temporal region relative to the cerebellum [23] 
Decreased serotonin in medial frontal cortex and increased dopamine transporters 
in the striatum. 
[129] 
PET Altered rate of glucose metabolism in the basal ganglia and thalamus. [130] 
U
lt
ra
so
n
o
-
g
ra
p
h
y
 
 Malformed corpus callosum. 
Smaller frontal cortex. 
Shorter caval-calvarial and frontothalamic distance, and shorter orbital distance. 
Reduced cerebellar growth and ratio cranial/body growth. 
[132;133] 
[134;136] 
[136] 
[135] 
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Table 2. Summary of radiological findings in animal models of PAE 
Technique Species Dosage Exposure 
stage 
Abnormalities References 
M
R
S
, 
P
E
T
 
N
o
n
-h
u
m
an
 p
ri
m
at
es
 
Not provided 
(once a week, 
via oral tube) 
Week 1-4, 
week 1-6 
and 
throughout 
24 weeks 
Increased Cho/Cr in thalamus, parts of internal 
capsules and basal ganglia with increase duration of 
exposure. 
[90] 
Moderate 
(6% v/v), daily, 
voluntarily 
GD1-50 and 
across 
gestation 
Altered ratios of dopamine D2 receptors to dopamine 
synthesis in striatum. 
Increased dopamine D1 receptor binding in prefrontal 
cortex.  
[154] 
 
[155] 
sM
R
I,
  
Q
S
M
 
 
 
M
ic
e 
Acute high 
dose (25 % 
v/v) on a single 
day (two 
injections at 4h 
interval) 
GD7 
Deficient midfacial deficiencies, olfactory bulbs. 
Frontal hemisphere fusion, ventricle enlargement. 
Abnormal nasal and septal region, striatal tissue. 
Smaller corpus callosum, cortical heterotopias. 
[151;158] 
Reduced volume of anterior commissure. 
Reduced susceptibility contrast in corpus callosum, 
anterior commissure and hippocampal commissure. 
[163] 
GD8 
Reduced brain volume, deficient olfactory bulbs. 
Abnormal pituitary and septal regions. 
[157] 
GD8.5 
Shortened upper lip, malformed septal region, 
pituitary and olfactory bulbs. 
[158] 
GD9 
Wider septal region, larger ventricles. 
Smaller and asymmetric cerebellum. 
Deformed cortex, hippocampus and right striatum. 
[159] 
GD10  
Reduced brain volume, enlarged ventricles. 
Hypothalamic heterotopias. 
[156] 
Chronic 
moderate dose 
(10% v/v) , 
daily, 
voluntarily 
Across 
gestation 
Decreased volumes of olfactory bulbs, granule cell 
layer of the dentate gyrus and fourth ventricle. 
Increased volumes of basal forebrain, posterior part of 
anterior commissure, stria medullaris of thalamus, and 
amygdala. 
[166] 
Chronic 
moderate dose 
(10% v/v), 
daily 
voluntarily 
GD0–8  
Increased hippocampal volume and decreased 
olfactory bulb volume in the left hemisphere  
[168] 
C
T
 
Skull dysmorphology. 
Growth retardation. 
[167] 
Chronic low 
dose (4.2% 
v/v), daily 
voluntarily 
GD7-16 
Reduced parietal bone volume at PD7, 
Reduced frontal, parietal, occipital and mandible bone 
volumes at PD21, 
Reduced total skull volume, 
Reduced head circumference. 
[173] 
M
R
I 
Chronic low 
dose (4.8% 
v/v), daily, 
voluntarily 
GD7-11 
Reduced volume of the cerebellum and increased 
volume of the septal region 
[169] 
GD12-16 
Reduced volume of the cerebellum and increased 
volume of the septal region 
sM
R
I,
  
D
T
I 
R
at
s 
Chronic high 
dose (25% 
w/v), daily 
injections 
GD1–20  
Reduced brain volume, neocortical volume and 
thickness. 
[164] 
Higher FA in cerebral cortex, with strongest effect in 
the superficial layers 
[165] 
rs
fM
R
I Chronic low 
dose (5% v/v), 
daily 
voluntarily  
Across 
gestation 
Reduced functional connectivity between primary and 
secondary visual cortex and other cortical 
components, between cerebellum and midbrain, and in 
inferior colliculi.  
Increased connectivity between cerebellum and 
striatal and cortical regions. 
[170] 
C
T
 
Sh
ee
p
 
Chronic high 
dose 
(40% w/v), 
intravenous 
injections, 3 
days/week 
GD4-41 
Reduced local and total skull bone volumes, 
Reduced cranial circumference and interorbital 
distance. 
[144] 
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Fig.1 Typical facial phenotype of FAS. Adapted from [180]. 
Fig.2 Skeletal abnormalities in FASD. Synostosis of capitae and hamate bones in the 
carpus (asterisk) (a) and radio-ulnar fusion of the arm (arrow) (b). Adapted from [13]. 
Fig.3 Dysmorphia of the cerebellar vermis (arrows): normal (a); grade I: slight widening 
of the anterior vermian sulci in the midsagittal T1-weighted image (b); grade II: 
moderate widening of the anterior vermian sulci in midsagittal T1-weighted (c) and 
grade III: heavy widening of the vermian sulci in all planes (d). Adapted from [47]. 
Fig.4 Hypogenesis (a) and agenesis (b) of the corpus callosum in children with FAS. 
Adapted from [20]. 
Fig.5 Deactivation map of the default mode network. Functional connectivity between 
the medial prefrontal cortex (MPFC) and the posterior cingulate cortex (PCC) decreases 
with increasing severity of PAE: Control (a), non-dysmorphic PAE (b) and dysmorphic 
PAE (c). Bilateral cingulum bundles connecting MPFC and PCC (red bundles) (d). 
Adapted from [78]. 
Fig.6 Brain structural changes in acute, high dose ethanol-exposed mouse fetuses. MRI 
images show the absence of the septal region (long white arrow) in an ethanol-exposed 
mouse fetus at GD7 (b) compared to a control (a). The ventricles in the affected fetus 
(star) showed a significant enlargement and rostro-medial fusion. Adapted from [151].  
Fig.7 Cortical heterotopias in acute, high dose ethanol-exposed mouse fetuses. 3D 
reconstructed image shows heterotopias on the cortex (white arrows) (a) confirmed 
with histology (b) in C57Bl/6J mouse fetus following acute 25% v/v ethanol exposure 
on GD7. Adapted from [151]. 
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Fig.8 3D rendering skulls of PD28 mice by ex vivo CT. A healthy animal (a), leftward 
deviation of the frontal bone in a PAE animal (b) and smaller centroid area in another 
PAE animal (white arrow) (c). Adapted from [167]. 
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Highlights 
 A review on radiological studies of Fetal Alcohol Spectrum Disorders in humans 
and animals. 
 Multiple modalities including structural MRI, functional MRI, MR Spectroscopy, 
Diffusion Tensor Imaging, Positron Emission Tomography, Single Photon 
Emission Computed Tomography, Computed Tomography. 
 Altered brain metabolism and functions, brain and skull structural 
dysmorphology, altered diffusion derived parameters.  
 Abnormalities are heterogeneous but there is certain agreement among 
modalities and consistency between humans and animal models.  
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